The pharmacokinetics of LY2605541 (basal insulin peglispro), a novel long-acting basal insulin analogue, was evaluated in 5 groups of subjects with varying degrees of renal function based on creatinine clearance: normal renal function (>80 mL/min), mild renal impairment (51-80 mL/min), moderate renal impairment (30-50 mL/min), severe renal impairment (<30 mL/min), or end-stage renal disease (ESRD) requiring hemodialysis. Serial blood samples for pharmacokinetic analyses were collected up to 12 days following a single 0.33 U/kg subcutaneous dose of LY2605541. The apparent clearance (CL/F) and half-life across groups were not affected by renal function. C max values were lower in subjects with increasing severity of renal impairment; however, the small decrease in C max did not affect the overall exposure. Regression analysis showed that LY2605541 clearance is independent of renal function (slope = 0.000863; P = .885). The mean fraction of LY2605541 eliminated by a single hemodialysis session was 13% in subjects with ESRD. LY2605541 was generally well tolerated in healthy subjects and those with renal impairment following a single 0.33 U/kg subcutaneous dose. Given these data, no dose adjustment of LY2605541 based on pharmacokinetics is recommended in renal impairment or in patients undergoing hemodialysis.
The basal insulin analogue LY2605541 (basal insulin peglispro) is a novel long-acting insulin analogue that consists of insulin lispro linked to a 20-kDa polyethylene glycol (PEG) moiety. In a recent study, dynamic light scattering analysis indicated that LY2605541 has a hydrodynamic diameter of 7.9 ± 0.5 nm, a diameter 4 times larger than insulin lispro and similar to the size of a ß75-kDa globular protein. 1 It has been shown that LY2605541 has hepato-preferential action with reduced peripheral effects, a flat PK and PD profile, and a prolonged half-life. [1] [2] [3] [4] LY2605541 is being studied for use in patients with type 1 and type 2 diabetes mellitus, populations that are likely to have or to develop renal impairment. Recent estimates report that approximately 40% of patients with chronic kidney disease (CKD) are also diabetic, and, conversely, adults with diabetes are at an increased risk of developing CKD. Furthermore, inadequately controlled diabetes increases the progression of CKD to renal failure, requiring dialysis. 5, 6 Typically, renal clearance contributes approximately 40% to 50% to the overall systemic clearance of insulin after the first-pass metabolism of insulin produced in the pancreas. 7, 8 The half-life of insulin may be prolonged in diabetic patients with renal impairment because of lower levels of degradation. In addition, the clearance of insulin has been shown to be reduced as renal impairment increases. [7] [8] [9] Consequently, diabetic patients have changing insulin requirements based on the state of their declining renal function and insulin treatment used.
PEG is a synthetic polymer that has been used successfully for many years in a wide range of therapeutic products, has an extensively evaluated safety profile, and may confer therapeutic advantages for the parenteral delivery of proteins. 10 This study investigated the potential impact of pegylation of LY2605541 on renal clearance. The purpose of this study was to evaluate the pharmacokinetics (PK) and tolerability of a single 0.33 U/kg dose of LY2605541 in subjects with varying degrees of renal function.
Subjects and Methods

Subjects and Study Design
This phase 1 single-dose, open-label study was conducted at 4 centers in the United States. Subjects were enrolled into 1 of 5 renal function groups based on creatinine clearance (CrCl) by Cockcroft-Gault estimation at screening: group 1 -normal renal function (>80 mL/min); group 2 -mild renal impairment (51-80 mL/min); group 3 -moderate renal impairment (30-50 mL/min); group 4 -severe renal impairment (< 30 mL/min) not requiring dialysis; or group 5 -endstage renal disease (ESRD) requiring hemodialysis. [11] [12] [13] To ensure that sex and age distribution was similar, subjects with normal renal function (group 1) were matched with subjects in groups 2 through 5 with regard to sex and age (±15 years). Key inclusion criteria were male and female subjects aged 18 to 80 years (inclusive) with a body mass index (BMI) between 18.5 and 40.0 kg/m 2 (inclusive). Subjects with type 2 diabetes mellitus were eligible to participate in this study; however, subjects with type 1 diabetes mellitus or subjects requiring insulin treatment for type 2 diabetes mellitus were excluded. Eligible subjects were permitted to continue ongoing medications needed to stabilize underlying medical conditions, for example, vitamin D compounds, antihypertensives, erythropoietin, antihyperuricemics, vasodilators, diuretics, and phosphatebinding agents.
Each study site received ethical approval to conduct the study from the Independent Investigational Review Board (Plantation, Florida). The study was conducted in accordance with the principles of the Declaration of Helsinki. Investigators obtained written informed consent from each subject prior to participation.
Study Procedures
Subjects were screened for eligibility up to 21 days before study treatment. Baseline evaluations were conducted on day -1 before study treatment. Subjects were admitted to the Clinical Research Unit (CRU) on day -1 and resided in the CRU until at least 48 hours after dosing. Subjects received a single 0.33 U/kg subcutaneous dose of LY2605541 on day 1. LY2605541 was administered in 1 of the 2 lower quadrants of the abdominal wall.
Blood samples for LY2605541 pharmacokinetic analysis were obtained at predose; 2, 4, 6, 8, and 12 hours on day 1; 24 and 36 hours on day 2; 48 hours on day 3; 72 hours on day 4; 120 hours on day 6; 168 hours on day 8; 216 hours on day 10; and 264 hours on day 12.
For subjects with ESRD, the LY2605541 dose was administered approximately 48 hours before the next hemodialysis session, and subjects underwent hemodialysis approximately 5 times over the 12-day pharmacokinetic sampling period. Only high-flux polysulfone hemodialysis membranes were used in the study.
To minimize the potential for hypoglycemic events, subjects were given 3 main meals during the day and 3 snacks after each main meal (midmorning, midafternoon, bedtime) every 24 hours for a minimum of 2 days after LY2605541 dose administration. In addition, to ensure subjects' safety by monitoring blood glucose levels, blood samples were obtained every 1.5 to 3 hours or as clinically indicated from the time of LY2605541 administration to 48 hours postdose. All subjects were instructed to self-monitor blood glucose on an outpatient basis from discharge until day 8.
Safety and tolerability were assessed by blood glucose measurements, vital signs measurements, physical examination, clinical laboratory tests, electrocardiograms, and monitoring of adverse events (AEs).
Bioanalytical Methods
Serum samples were analyzed for LY2605541 using a validated enzyme-linked immunosorbent assay (ELISA) method at Charles River Laboratories Preclinical Services Montreal (Senneville, Quebec City, Canada). The method for human serum is similar to the method used for rat serum.
14 Briefly, purified guinea pig anti-human insulin antibody (data on file; Eli Lilly and Co.) is coated onto black Nunc MaxiSorp plates (Thermo Fisher, Pittsburgh, Pennsylvania), and I-Block solution (Life Technologies, Grand Island, New York) is used to block free sites. Samples are loaded into the wells of the plate, and LY2605541 was allowed to bind to the immobilized insulin antibody. The bound complex is detected by the addition of rabbit monoclonal anti-PEG-biotin antibody (Abcam, Cambridge, Massachusetts). Following a wash step, peroxidase-conjugated streptavidin is added to the plate, and signal is produced by adding QuantaBlu substrate (Thermo Scientific, Waltham, Massachusetts). The fluorescence signal was then measured at an excitation wavelength of 320 nm and an emission wavelength of 420 nm. The concentration of the samples was extrapolated from a standard curve fitted with a 5-PL equation, with a weighting factor of 1/Y 2 . The concentrations of LY2605541 in the calibration standards, quality control samples, and study samples were directly proportional to the fluorescence measured in the wells of the plate. 14 The validated ELISA method is selective for LY2605541, and endogenous substances in normal human serum do not cross-react in the assay. Human insulin at concentrations up to 444 pmol/L does not interfere with the assay. The lower limit of quantification was 20.00 pmol/L, and the upper limit of quantification was 500.00 pmol/L. Samples above the limit of quantification were diluted and reanalyzed to yield results within the calibrated range. The interassay accuracy (% relative error) during validation ranged from 1.4% to 3.5%. The interassay precision (% relative standard deviation) during validation ranged from 5.2% to 8.5%.
Pharmacokinetic Analysis
The individual serum LY2605541 concentrations were analyzed by conventional noncompartmental pharmacokinetic analysis using WinNonlin Enterprise Edition software (version 5.3; Pharsight Corporation, St. Louis, Missouri). Concentrations below the quantification limit (BQL) at predose were treated as zero, whereas postdose BQL concentrations were treated as missing in noncompartmental analysis; BQL concentrations were treated as zero for generating the mean time-concentration profiles.
Primary pharmacokinetic parameters were area under the concentration-versus-time curve from zero to infinity (AUC 0-Ý ) and maximum concentration (C max ). The values for AUC 0-Ý and C max were logtransformed and analyzed using an analysis of variance model with group as a factor to compare each level of the impaired renal function against the control group.
Pharmacokinetic parameters also included apparent total body clearance of drug calculated after extravascular administration (CL/F). To evaluate the relationships of CL/F, AUC 0-Ý and C max with CrCl, linear regression analyses were performed.
The fraction of elimination by hemodialysis was calculated for subjects in the ESRD group as the difference between the observed and extrapolated predialysis LY2605541 serum concentrations relative to the observed predialysis LY2605541 serum concentration. 15 The extrapolated predialysis concentration was derived from the linearly fit line on the semilogarithmic plot of the terminal phase.
Fraction o f Dialysis Elimination
Although patients with ESRD had more than 1 hemodialysis session during the pharmacokinetic sampling period, the fraction of dialysis elimination was calculated only during the first hemodialysis session of the pharmacokinetic sampling period. Table 1 summarizes baseline characteristics by renal function group. Overall, 46 subjects participated in this study, with 8 to 12 subjects in each group. Eleven subjects with type 2 diabetes mellitus were enrolled across the renal impairment groups. There were 31 male subjects and 15 female subjects between the ages of 25 and 78 years of age (inclusive) in this study. The mean BMI was 26.7 kg/m 2 , and mean age in each group ranged from 44.4 to 66.9 years.
Results
Subject Disposition and Demographics
Of the 46 subjects who entered the study, 46 received the study drug, and 45 subjects completed the study. One subject did not complete the study because of a serious AE (SAE) of angina pectoris, which was determined by the study investigator to be unrelated to study treatment; this subject with severe renal impairment had a medical history of hypertension, coronary artery disease, and angina pectoris, and the SAE that occurred approximately 6 hours postdose and lasted approximately 1 day. Pharmacokinetic analyses were conducted using data from subjects receiving a dose of LY2605541 that have evaluable concentration data. PK was assessed in 43 of the 46 subjects enrolled in the study. Pharmacokinetic data were excluded for the subject who discontinued because of an SAE and 2 subjects because of the thawing of pharmacokinetic samples during transit to the bioanalytical laboratory.
Pharmacokinetic Evaluations
Mean serum LY2605541 concentration-time profiles after subcutaneous administration of LY2605541 0.33 U/kg were similar between renal function groups BMI, body mass index; CrCl, estimated creatinine clearance; ESRD, end-stage renal disease; n, number of subjects; SAE, serious adverse event; SD, standard deviation. a Forty-six subjects received LY2605541; 45 subjects completed the study, and 1 subject from the severe group discontinued the study because of an SAE (angina pectoris) judged to be unrelated to study treatment.
( Figure 1 ). Table 2 summarizes pharmacokinetic parameter estimates by renal function group. Overall, the C max of serum LY2605541 tended to be lower in subjects with increasing severity of renal impairment; however, this small decrease in C max did not affect AUC. In addition, the half-life tended to be higher in the renal impairment groups compared with the control group. The AUC was lower in the ESRD group compared with the normal renal function group, likely because of LY2605541 elimination in dialysis. Statistical analysis showed no statistically significant difference in AUC 0-Ý or C max between each renal impairment group and the control group (Table 2 ). In addition, review of the individual pharmacokinetic parameters did not suggest that age was a factor for any differences in the pharmacokinetic parameters. Figure 2 illustrates the concentration profile of LY2605541 during the hemodialysis session. A single hemodialysis session, initiated approximately 48 hours postdose, resulted in a mean 13% (range, 3%-25%) elimination of LY2605541 (Table 2) . Figure 3 depicts the relationship between LY2605541 apparent clearance and CrCl. There was no direct relationship between the apparent clearance of LY2605541 and CrCl (R 2 = 0.000513, slope = 0.000863, P = .885). Similarly, there was no direct relationship between C max and AUC 0-Ý with CrCl ( Figure S1) . A population pharmacokinetic model was used to simulate the median LY2605541 serum concentration profiles at steady state for once-daily 0.33 U/kg LY2605541 dosing. Simulated profiles showed similar exposures during the 24-hour dosing period for the control and all renal impairment groups (Figure 4 ).
Safety
Single doses of LY2605541 were generally well tolerated in all renal impairment groups. Of the 46 subjects who received LY2605541, 26 subjects reported treatmentemergent AEs (TEAEs). Thirteen subjects reported 19 TEAEs that were related to LY2605541 as judged by the investigator. The most common study drug-related TEAEs were hypoglycemia (9 events reported by 7 subjects) and headache (5 events reported by 5 subjects); see Table 3 .
Of the 9 hypoglycemic AEs reported, 3 were symptomatic (blood glucose range, 43-66 mg/dL), and 6 were characterized as asymptomatic (blood glucose range, 52-67 mg/dL). In 1 of the 9 cases, the hypoglycemia resolved spontaneously, and in the remaining cases it was treated with a snack or oral glucose. The hypoglycemic events occurred in 4 subjects without and in 3 subjects with type 2 diabetes mellitus. The majority of hypoglycemic events were experienced by subjects in the ESRD group (6 of 9 events). The onset of the 9 hypoglycemic events ranged from 2 hours to 2 days postdose, with an average onset of 23 hours postdose.
Four subjects experienced SAEs during the study, all of which were judged to be unrelated to LY2605541 and were attributed to other medical conditions. The SAEs reported were acute asthma attack, graft thrombosis (clotted dialysis graft), viral infection, and angina pectoris. All SAEs resolved before the end of the study. Apart from the hypoglycemic events, there were no clinically relevant changes in clinical laboratory parameters and no safety concerns following a single dose of LY2605541.
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Discussion
The primary objective of this single-dose study was to assess the effect of renal impairment on the PK of LY2605541, obtain pharmacokinetic and tolerability data, as well as provide guidance on dose adjustments. This study was conducted as a single-dose study in which subjects were administered a 0.33 U/kg dose of LY2605541. Previous data had shown only a minimal glycemic response after a similar single dose, and it was therefore not deemed necessary to use a euglycemic clamp methodology in this study or to continuously supplement with glucose.
Study results indicated that renal function impairment had no significant effect on the pharmacokinetic profile of LY2605541 after single doses in subjects with varying degrees of renal function. Overall, the mean AUC 0-Ý , area under the concentration-versus-time curve from time zero to infinity; CI, confidence interval; CL/F, apparent total body clearance of drug calculated after extravascular administration; C max , maximum observed drug concentration; CrCl, estimated creatinine clearance; CV%, coefficient of variation; ESRD, end-stage renal disease; n, number of subjects; PK, pharmacokinetic; t 1/2 , half-life associated with the terminal rate constant in noncompartmental analysis. 1 unit LY2605541 = 9000 pmol. a n = 6; 3 subjects had negative fraction of dialysis elimination values estimated and were excluded in the summary statistics, as it is not meaningful to have a negative fraction of dialysis elimination. b Renally impaired groups (mild, moderate, severe, ESRD) versus control (normal renal function). c Arithmetic mean (standard deviation).
CL/F of LY2605541 appeared to be slightly lower in the mild, moderate, and severe groups, although a regression analysis of CL/F of LY2605541 against CrCl confirmed that LY2605541 clearance was independent of renal function. Statistical analysis of the AUC 0-Ý and C max showed no statistically significant difference between each renal impairment group and the control group. 11 Similar results were obtained when the same analysis was conducted using the renal impairment classification based on the 2010 Food and Drug Administration (FDA) guidance. 16 According to Meibohm and Zhou, protein molecules with a molecular weight less than 60 kDa may be expected to be impacted by renal impairment, as this is the cutoff for glomerular filtration. 17 LY2605541 has a molecular weight of 26 kDa; however, molecular weight is not sufficient to explain the lack of relationship between clearance and renal function.
Although the half-life tended to be higher in renal impairment groups, it was not substantially altered. In addition, although the geometric mean showed an approximate 25% higher half-life for ESRD patients (compared with healthy subjects with normal renal function), this increase was within the expected variability in LY2605541 exposure between patients, and, as such, it was not expected to necessitate dose adjustment for patients with ESRD. Using the pharmacokinetic data after a single dose of LY2605541, simulated median steady-state pharmacokinetic profiles showed similar LY2605541 exposure in patients with renal impairment compared with patients with normal renal function ( Figure 4) .
In addition, a single dose of LY2605541 at 0.33 U/kg was generally well tolerated in all renal function groups. There were 9 postdose events of hypoglycemia; however, reduction in plasma glucose was anticipated because of the insulin action of LY2605541. The hypoglycemic events were experienced mainly in the group with ESRD. Compared with the other patients who did not experience hypoglycemia, LY2605541 exposures (both C max and AUC) were not higher in the patients with ESRD, who may be more susceptible to hypoglycemia because of altered glucose homeostasis related to decreased kidney function. Hemodialysis may also predispose patients to hypoglycemia 18 or in some cases lead to severe hypoglycemia in patients with impaired renal function. 19 Although the need for dosage adjustment may arise when a significant fraction of drug or active metabolite is removed by the hemodialysis process, results from this study demonstrated that the hemodialysis procedure was unlikely to result in significant elimination of LY2605541. In this study, only a small fraction of LY2605541 was eliminated during a single hemodialysis session of LY2605541. Therefore, the impact of a single hemodialysis session on overall exposure of LY2605541 with daily dosing was expected to be small. The high-flux polysulfone dialysis membranes were used in this study, but it is possible that other types of dialysis membranes with different protein permeability may have an effect on the LY2605541 fraction that is eliminated. Under the conditions of this study, the data suggest that no additional dose adjustment would be needed to maintain therapeutic drug concentrations in ESRD patients undergoing dialysis. In this study creatinine clearance was estimated using the C-G method. Although this method is commonly used and consistent with regulatory guidence, 11 it has some limitations. For example, it relies on a stable serum creatinine level and may be influenced by variations in muscle mass or dietary intake; these factors are not taken into account in the C-G equation.
Overall, renal impairment and hemodialysis in ESRD subjects did not appreciably alter the pharmacokinetic profile, safety, or tolerability of single doses of LY2605541; however, assessing the effect of renal impairment and hemodialysis on safety and efficacy after multiple dosing with LY2605541 is warranted in longterm clinical studies. The use of basal insulins in diabetic patients who have renal impairment is challenging. This is, in part, because of glycemic variability, 
Overall total 6 (4) 1 (1) 3 (2) 2 (2) 7 (4) 19 (13) Only the maximum severity of each adverse event is reported. MedDRA, Medical Dictionary for Regulatory Activities; n, number of subjects. but pharmacokinetic variability can also contribute to the overall variability in insulin effects. Typically, if renal clearance is a significant contributor to the overall clearance, then as renal function worsens, one would expect an increase in drug exposure. With LY2605541, the pharmacokinetic profile is not altered with renal impairment; thus, no dose adjustments are recommended in subjects with various degrees of renal impairment.
